ABSTRACT The response of mammalian cells, such as HeLa cells, to prolonged exposure to increased temperature (termed heat shock) has been well characterized. In these studies new mRNA is synthesized for several proteins whose translation is best seen after a return to 37C. We show here another response to increased temperature of a distinctively different character. A set of at least 50 newly detectable proteins, exclusively associated with the nuclear matrix-intermediate filament (NM-IF) fraction, is synthesized immediately upon exposure to high temperature. These are of very low abundance or nonexistent in the unstressed cell and none appear to correspond to the "classic" heat shock proteins produced after new transcription. Prior treatment with actinomycin D has little effect on these "prompt" proteins, and they appear to be made from preexisting mRNAs that are activated at the increased temperature. The protein synthesis in the soluble, cytoskeletal, and chromatin fractions is strongly reduced by the increased temperature, while the labeling of the prompt proteins associated with NM-IF complex rapidly rises severalfold above that in control cells. Additionally these results suggest that the four cell fractions are not arbitrary cell divisions; rather they represent physiologically significant compartments in the cell.
The formation of a new set of proteins is a common response to metabolic stress, such as increased temperature (i.e., heat shock) in a wide variety of organisms and cell types, including protozoans, fungi, sea urchins, Drosophila, avian and mammalian cells, and higher plants (1) (2) (3) (4) (5) (6) (7) . Many details of the heat shock response, such as the synthesis of a nuclear specific stress protein, appear to be similar in different organisms (4, (8) (9) (10) (11) (12) . This stress response has been most extensively studied by exposing cultured Drosophila or mammalian cells to increased temperature. This heat shock results in a severe overall reduction in protein synthesis accompanied by the induction of several specific proteins (reviewed in ref. 2) .
In general, the heat shock response proteins are formed from new messages whose production is controlled at the transcriptional level (1, (3) (4) (5) (6) (7) 13 ). An important exception to this generalization exists in the Xenopus oocyte. The synthesis of a major heat shock protein occurs on preexisting mRNA, regulated at the level of translation (14) . In this report we show that, in addition to the "classic" heat shock response, there is a much earlier response. The synthesis of new major proteins is induced. These appear promptly upon exposure of cells to increased temperature and appear to be made from preexisting messages. In HeLa cells, at least 50 polypeptides are detected, entirely in the nuclear matrix-intermediate filament (NM-IF) fraction, which are not detectable at 370C. No Cell Preparation and Gel Electrophoresis. Cells were fractionated as described (15) . Proteins from the cell fractions were subjected to electrophoresis on one-dimensional 10% polyacrylamide gels (16) and two-dimensional gels (17) . Fluorography (18) was performed with prefogged Kodak X-Omat film (19) .
Heat Shock and Labeling with [NSJMethionine. HeLa cells (6 X 106) were incubated in a 50-ml spinner tube in 4.5 ml of methionine-free medium in a water bath at 430C or 450C as noted in figures. For pulse labeling, [3S]methionine (400 ACi/mmol, New England Nuclear; 1 Ci = 3.7 x 1010 Bq) was added to give 20-50 1LCi/ml and incubation was continued for the indicated time periods. Subconfluent monolayers of 3T3 cells were floated on top of a water bath (430C) with 10 mM Hepes (pH 7.4) added to the medium.
Cell Visualization and Autoradiography. Anchored HeLa (CCL2) cells were grown on glass slides in Dulbecco's modified medium containing 7% horse serum. Heat shock conditions were applied by immersing the slides in medium at the desired temperature. Labeling and detergent extraction were performed as described above, then the cells were fixed with glutaraldehyde and stained with tetramethylrhodamine isothiocyanate. Autoradiography was performed as described by Capco and Jdckle (20) . RESULTS These studies on protein synthesis in heat shocked cells were greatly aided by cell fractionation methods developed in this laboratory. We identify four distinct fractions previously reported on in detail (15, 21) . These are (i) soluble proteins: extracted with Triton X-100 at physiological ionic strength; (ii) cytoskeleton proteins: the cytoplasmic network remaining after Triton extraction minus the nuclear material; (iii) chromatin proteins: resulting from nuclease and high-salt treatment of nuclei; (iv) the nuclear matrix: remaining after removal of chromatin proteins. Intermediate filaments are found only in this latter fraction. They remain associated with, and often appear to terminate on, the nuclear matrix; we now refer to this fraction as the NM-IF. As shown previously, the two-dimensional (Fig. 1 Lower) .
The distribution of the "classic" transcriptionally controlled heat shock proteins in the cell fractions is shown in the electropherograms in Fig. 2 . Suspension-grown HeLa cells were placed at 43TC for 1 hr, further incubated for 1 hr at 37TC, and then pulse labeled with [35S]methionine. Two major heat shock proteins are preferentially synthesized after the return to normal temperature. One of about 85 kilodaltons (kDa) whose synthesis begins early in heat shock is found only in the soluble fraction, and a second protein at about 69 kDa is found principally in the nuclear matrix, with small amounts in the other fractions.
Electropherograms of the cell fractions labeled immediately after heat shock yielded an unanticipated result. Very rapid changes in cell labeling pattern occurred. The synthesis of proteins in the soluble, cytoskeleton, and chromatin fractions rapidly declined at the increased temperature, although the pattern of proteins remained unchanged. In sharp constrast, the labeling of the NM-IF fraction markedly increased and the electrophoretic pattern of the NM-IF proteins changed completely. Essentially all of the abundant bands present at 37TC have disappeared and an entirely new pattern of proteins appears (lanes 3 and 4 of the NM-IF fraction in Fig. 2 ).
The kinetics of fraction-specific protein synthesis after heat shock is shown in Fig. 3 protein synthesis, while the labeling of the cytoskeleton fraction declines somewhat more slowly. Polyacrylamide gel electrophoretic analysis of labeled proteins shows no change in polypeptides or in their relative labeling except for the appearance of minor amounts of heat shock proteins ("classic") in the soluble fraction. The fractionation of proteins from prelabeled cells is unchanged after heat shock, indicating no gross changes in composition or rearrangements of the different fractions (data not shown).
In sharp contrast to the other three fractions, the labeling of the NM-IF fraction increases immediately after the change to increased temperature, rising to a remarkable 250% of control after 10 min at 45TC. This apparent disparate behavior of NM-IF fraction protein synthesis results from shut-off of most of the normal set of NM-IF proteins and the induction, or marked increase, in synthesis of new set of polypeptides as suggested in Fig. 2 . This is seen with great clarity in the two-dimensional electropherograms of Fig. 4 a and b , which compare the preand heat shock labeling of the NM-IF. Proteins in Fig. 4b Thus a new set of abundant proteins is detected, associated exclusively with the NM-IF fraction. Although studied in the epithelium-derived HeLa cell, a similar response was found in 3T3 fibroblasts, and hence the phenomenon may be general.
The prompt appearance of the new abundant matrix-associated proteins suggested that they might be products of preexisting messages. This was confirmed in part by inhibiting RNA synthesis completely with -actinomycin prior to the shift to increased temperature. Cells were exposed to actinomycin D at 5 Ag/ml for 15 min, then shifted to 430C for 15 min and labeled. The two-dimensional polyacrylamide gel electrophoresis of the NM-IF fraction proteins labeled during heat shock and actinomycin under these conditions is shown in Fig. 4c and is essentially identical to the pattern obtained without actinomycin D in Fig. 4b . This experimental result indicates that at least 60% of the prompt heat shock matrix protein synthesis occurs from preexisting mRNA.
The NM-IF fraction seen in Fig. 1 Lower appears to consist of the nuclear matrix itself and an extended exterior network of the intermediate filaments, including keratins and vimentin. The prompt heat shock proteins might be associated with one or both of these structures. This was tested by using autoradiography. The results of a brief pulse-chase at 450C followed by extraction and autoradiography are shown in Fig. 5 . Extracted cells are visualized in epifluorescence by labeling all the proteins with rhodamine isothiocyanate prior to the application of the autoradiographic emulsion. The autoradiographic grains are visualized with dark-field microscopy. About one-half of the grains are localized over the nuclear matrix, while the remainder are over the exterior intermediate filament network. The significance of this distribution of the prompt proteins can be determined only with further study.
Previous work in this laboratory (22) showed that a prolonged prior inhibition of cell protein synthesis partially protected total protein synthesis from inhibition at temperatures up to 42TC. We tested whether such treatment would protect the prompt heat shock proteins at 430C and whether cycloheximide pretreatment alone induces prompt heat shock protein synthesis. Cycloheximide pretreatment enhances the synthesis of the .,I
a. prompt proteins at 43TC (Fig. 6) ; however, this pretreatment has no effect at 37PC.
DISCUSSION
Studies on the heat shock response of both invertebrate and vertebrate cells have shown regulation at the level of transcription and translation (1, 7, 14, 23, 24) . Both mechanisms operate in Drosophila cells, in which the new messages made in response to the heat shock stress are preferentially translated. Indeed, it has been possible to develop in vitro translation systems from heat-shocked Drosophila and HeLa cells that show a marked preference for the heat shock messages (25) (26) (27) . Most mammalian heat shock studies have examined the Proc. Nad Acad. Sci. USA 80 (1983) transcriptionally regulated production of new messages in response to increased temperature (1, 7, 28) . However, a notable example of translational control without transcription is the heat shock response of Xenopus oocytes (14) . A major heat shock protein of about 70 kDa is synthesized from preexisting mRNA translated only at the increased temperature. Furthermore, at the increased temperature total oocyte protein synthesis diminishes while the synthesis of the heat shock protein rises markedly.
The results presented here strongly suggest that there is a set of silent messages present in normally growing mammalian cells that is expressed promptly upon exposure to increased temperature. Most remarkable, these proteins mainly appear to be associated with the NM-IF fraction, one-half with the nuclear matrix itself while the remainder appear with the external filamentous network (largely keratins).
The prompt heat shock messages are preferentially translated at increased temperature and some are detectable in gel electropherograms of total cell proteins. However, these proteins become clearly apparent when only the NM-IF fraction (about 4% of cell protein) is examined. The synthesis persists only for a limited time, although whether this is the normal physiological response or represents cell deterioration cannot be determined at present.
The present results suggest that, as in Drosophila cells, there are responses to heat shock at both the transcriptional and the translational level. The result obtained with actinomycin ( Fig.  4c ) also resembles the findings of a preexisting heat shock message in Xenopus oocytes (14) , and the proteips are quite different from the transcription-dependent proteins previously described in mammalian cells (7, 28) . The strong enhancement of prompt heat shock protein synthesis (Fig. 6 ) by prior treatment of cells with cycloheximide resembles in some ways early experiments with gentler heat shock (22) . Inhibition of prior protein synthesis protected cellular protein synthesis from heat shock up to 420C, presumably by the production of an agent that could maintain translation at the high temperature. Perhaps that agent, or a similar one, stimulates even further the translation of the one set of messages that functions well at 430C and higher. Unfortunately, the putative agent has proven elusive and the present results might also be due to increased heat shock messages produced during the cycloheximide treatment.
The finding that the prompt heat shock proteins appear mainly in one cell fraction has important implications for the fractionation procedures employed. Because the proteins synthesized in one fraction appear to be regulated independently of proteins in the other fractions the possibility exists that the four fractions (i.e., soluble, cytoskeleton, chromatin, and NM-IF) are not arbitrary partitions of the cell, but rather may represent physiologically significant cell compartments. The prompt heat shock proteins occupy a unique location within the cell-i.e., the NM-IF fraction-whereas the major transcriptionally controlled 85-kDa heat shock protein is found only in the soluble fraction and the 69-kDa heat shock protein is in all four fractions. The existence of a battery of messages mobilized at the onset of temperature stress was unexpected but suggests that survival mechanisms for homeotherm cells at increased temperature may be very complex. Untranslated, postpolyribosomal mRNAs have been known for many years. Possibly some of these are mobilized and serve as templates for the prompt heat shock proteins.
